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ABSTRACT
An estimate of the jet inclination angle relative to the accreting black hole’s spin can be useful
to probe the jet triggering mechanism and the disc–jet coupling. A Tidal Disruption Event
(TDE) of a star by a supermassive spinning black hole provides an excellent astrophysical
laboratory to study the jet direction through the possibility of jet precession. In this work, we
report a new method to constrain the jet inclination angle β and apply it to the well-sampled
jetted TDE Swift J1644+57. This method involves X-ray data analysis and comparisons of jet
models with broad properties of the observed X-ray dips, to estimate the upper limit of the
extent of the contribution of a plausible jet precession to these X-ray dips. From this limit, we
find that β is very likely to be less than ∼ 15◦ for Swift J1644+57. Such a well-constrained jet
inclination angle could be useful to probe the jet physics. The main advantage of our method
is that it does not need to assume an origin of the observed X-ray dips, and the conclusion does
not depend on any particular type of jet precession (e.g., the one due to the Lense-Thirring
effect) or any specific value of precession frequency or any particular jet model. These make
this method reliable and applicable to other jetted TDEs, as well as to other jetted accreting
systems.
Key words: accretion, accretion discs — black hole physics — methods: data analysis —
methods: numerical — galaxies: jets — X-rays: individual (Sw J1644+57)
1 INTRODUCTION
Collimated jets are ubiquitous in accreting black hole systems,
powered by accretion of matter in the vicinity of the black hole
(Blandford & Znajek 1977; Meier et al. 2001). But, as the environ-
ment near a black hole is not resolvable in high energies, important
questions like the role of black hole spin (or its necessity) in jet trig-
gering (McKinney 2006) are yet to have any unanimously accepted
answer. A related important problem of black hole astrophysics is
whether a jet from an accreting black hole is aligned with the black
hole spin axis or with the accretion disc angular momentum vec-
tor (Fragile 2008), or with any other direction such as a magnetic
axis, which is inclined with respect to the black hole spin axis (e.g.,
Wang et al. 2014). An answer to this question could provide an im-
portant clue to the jet launching mechanism in black holes, disk-jet
coupling, and the high energy radiation mechanisms in a black hole
system (Natarajan & Pringle 1998; McKinney et al. 2013).
If the jet is not aligned with the black hole spin, then it can
precess and hence could produce a regular variation in the X-ray
light curve, as the angle between the jet axis and the observer’s line
of sight changes during a precession period. But if the jet is aligned
with the black hole spin axis, then it will not precess, and thus a cor-
responding variation in the X-ray light curve will not be observed.
These provide an observational tool to probe the jet direction.
? E-mail: sudip.chakraborty@tifr.res.in
Tidal Disruption Events (TDEs), or bursts of energy emis-
sion due to tidal disruption of stars by supermassive black holes
(SMBHs) of typical masses of 105−8M, are unique laboratories to
probe various high energy astrophysical phenomena. Having a well
defined and limited reserve of available accretable mass and hence
a lifetime of only months to a few years, jetted TDEs are relatively
clean systems to probe the jet alignment. In this paper, we model
the X-ray data of a jetted TDE to constrain the jet direction.
Now, we briefly describe a few relevant points regarding
TDEs. A star of mass M∗ and radius R∗ approaching an SMBH
is subject to a strong tidal force exerted by the black hole. Once
this force exceeds the self-gravity of the star (at the tidal radius,
Rt), the star is disrupted (Rees 1988). The process is expected
to happen up to MBH ' 108M for a solar mass star. Once dis-
rupted, about half of the stellar material is ejected, and the remain-
ing half becomes bound, returning to the pericentre and circularis-
ing, a fraction of which is accreted by the black hole (Ayal et al.
2000). This produces a flare of electromagnetic radiation, usually
peaked in the EUV or soft X-rays, which can reach up to Eddington
or even super-Eddington luminosities (Strubbe & Quataert 2009).
This emission is expected to fade with time as t−p, with the index
p having different values depending on the model (Guillochon &
Ramirez-Ruiz 2013; Lodato & Rossi 2011). For example, p may
depend on the stellar composition (Lodato et al. 2009). However,
the most accepted canonical TDE luminosity decay trend is t−5/3
(Phinney 1989). On top of this secular decay trend, the Lense-
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Figure 1. Swift XRT lightcurve of J1644+57: data taken from Mangano
et al. (2016) (which uses data from http://www.swift.ac.uk/xrt_
curves/00450158/), plotted along with a selected time range (which we
investigate further) and the best-fit powerlaw continuum model (in red) in
that time range. Inset: The data to model ratio from the selected time range
in the main plot (section 2.2). The X-axis in the inset is in seconds (since
Swift-BAT trigger )
.
Thirring or any other type of precession may cause additional
quasi-periodic dips. Note that among the sample of 87 TDE candi-
dates till date (http://tde.space/), at least three are thought to
harbour relativistic jets (Auchettl et al. 2017). Among these jetted
TDEs, Swift J164449.3+573451 (hereafter, J1644+57) is the most
well known, well sampled and well studied one (Burrows et al.
2011; Zauderer et al. 2011).
J1644+57 was also the first observed jetted TDE, detected
with Swift Burst Alert Telescope (BAT) on 28 March 2011 (Bur-
rows et al. 2011) in a star–forming host galaxy of redshift z =
0.3534 (Levan et al. 2011), and reaching X–ray luminosities >
1048 erg s−1. Detection of a relativistic, highly collimated associ-
ated radio source (Zauderer et al. 2011), the rapid time variability
in high energies, and a Blazar–like SED (Burrows et al. 2011), all
indicated that J1644+57 had a compact relativistic jet directed al-
most towards our line of sight (Bloom et al. 2011). The light curve
of J1644+57 is rich in features (Burrows et al. 2011; Mangano
et al. 2016). The X-ray (0.3-10 keV) light curve started with a
relatively flat trend for 10 days, accompanied by intense flaring
(with a variability timescale of ∼ 100s). Thereafter, the secular de-
cay ‘roughly’ followed the canonical t−5/3 trend till ∼ 500 days,
after which there was a sudden drop in the X-ray emission (Swift
light curve in Fig. 1). This drop is interpreted as the relativistic
jet being switched off (Zauderer et al. 2013). Comparing the ob-
served rate of jetted TDEs with the theoretical rate, Burrows et al.
(2011) reported (degenerate with each other) a jet opening angle
(Fig. 2) of θjet ∼ 5◦−6◦ and a bulk Lorentz factor of Γ . 20. More-
over, the light curve of J1644+57 shows myriads of dips at differ-
ent timescales, with QPO features reported at 200 s and 2.7 days.
Saxton et al. (2012) reported no change in the absorption column
density NH during the dips, implying that they were not caused by
absorbing clumps in the line-of-sight. The 2.7 days QPO feature,
as well as its harmonics, have been proposed to be due to the pre-
cession of a misaligned jet (Saxton et al. 2012; Lei et al. 2013). On
the other hand, the 200 s feature is thought to be associated with
the corona or the Keplarian frequency at the ISCO (Reis & Miller
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Figure 2. Top panel: A schematic diagram representing our model of a jet
from an accreting supermassive black hole. Bottom panel: Shows how the
emission falls from the jet axis: comparison among different jet models. The
dashed vertical line marks the jet opening angle θjet (section 2.4).
2013), or the inner jet in two component jet models (Wang et al.
2015).
In this paper, we analyse the X-ray dips data from J1644+57,
and probe the possibility of jet precession, without a priori assum-
ing a particular model for these dips. In case there is a jet preces-
sion, we do not assume any specific periodicity of this precession,
and do not try to explain the 2.7 days QPO. With our method in-
volving minimum assumptions, we attempt to constrain the jet di-
rection, and specifically to find a general upper limit to the jet incli-
nation angle β with respect to the black hole spin axis. In section 2,
we describe the data, and our models, methods and results. In sec-
tion 3, we discuss our results.
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2 CONSTRAINT ON JET INCLINATION ANGLE β
2.1 Selection of X-ray data
Inspired by the previous works, we impose the following two con-
ditions to select the Swift XRT data of J1644+57 dips (time range
between two vertical lines in Fig. 1) for our analysis.
(a) Existence of a steady accretion flow: this happens when the
circularization of the inward bound debris is complete, and a steady
accretion flow sets in. Note that we expect the rigid precession of
the disc (see next point) to kick in only after the circularization
time (tcirc; Eq. 7 in Ulmer (1999)). tcirc can be considered to be
∼ 10 days, that is after the end of the flat, high flaring part of the
X-ray lightcurve of J1644+57 (end of phase 0 in Shen & Matzner
(2012, 2014)).
(b) Thick disc regime: We consider the disc to be thick, if
H/R & α, where H is the disc thickness, R is the radial distance
from the SMBH centre and α is the dimensionless viscosity pa-
rameter in the range 0 to 1. In Shen & Matzner (2012, hereafter
SM12) disc evolution scheme, this corresponds to phase 1. In this
regime (from tcirc till tthin; Stone & Loeb (2012)), the disc is geo-
metrically thick and super-Eddington (Mangalam & Mageshwaran
2018), and the fallback rate could follow the canonical t−5/3. As-
suming the form of tthin from Eq. 6 of Stone & Loeb (2012) (which
assumes Strubbe & Quataert 2009, disk surface density profile),
one can estimate the tthin value for realistic values of parameters.
Taking the acceptable ranges of MBH,M∗ and α (Burrows et al.
2011; Zauderer et al. 2011; Tchekhovskoy et al. 2014), assuming
a typical mass-radius relation for main sequence stars (Demircan
& Kahraman 1991), noting that the typical values of α should be
much smaller than 0.1 for the disk precession in a TDE disk (Nixon
& King 2013), and considering the dips and previous studies of the
X-ray light curve (e.g., Saxton et al. (2012)), we consider tthin to
be ∼ 4.7×106 s or ∼54 days. In a TDE, the star will not generally
approach the black hole in its spin-equatorial plane, and hence the
initially formed thick accretion disc is expected to be tilted (Frag-
ile et al. 2007) with respect to the black hole spin. Note that in
the later thin disk regime of a TDE, such a tilt of the inner disk
might cease to exist due to the Bardeen-Petterson effect (Bardeen
& Petterson (1975); but see Chakraborty & Bhattacharyya (2017)).
A tilted thick disc would precess by the Lense-Thirring (LT) effect
(Bardeen & Petterson 1975), and if the jet is attached to the disc, it
could also precess with such a disc. Therefore, while in our study
we consider any general tilt (with respect to the black hole spin)
and precession of the jet, we consider only the thick disc regime,
because a particular precession, viz., the LT precession, of the jet
may happen only in this regime.
Therefore, we use 44 days of Swift XRT data (from 10 days to
54 days since the BAT trigger) for our analysis.
2.2 Analysis of X-ray data
In order to identify the dips from the Swift XRT data of J1644+57,
we first determine p of the X-ray intensity time evolution func-
tion t−p (see section 1 and Fig. 1). Firstly, we adopt the spectra-
dependent, ECF corrected unabsorbed XRT flux lightcurve from
Mangano et al. (2016). Thereafter, we select the mentioned time
window from tcirc till tthin (Fig. 1; section 2.1). In order to get the
secular trend, the selected data are smoothed (with boxcar) at dif-
ferent timescales, fitted with a t−p powerlaw, and the average of
the best-fit p values over all such timescales is taken. This aver-
age best-fit p comes out to be 0.79± 0.01. This is consistent with
Mangano et al. (2016), but is inconsistent with the canonical value
of 5/3. Subsequently, we calculate the ratio between the data and
the best-fit continuum, and identify dips following the method pro-
posed by Mangano et al. (2016). These identified dips in the ratio
curve are used to investigate the jet inclination angle β.
2.3 Salient points of our method to constrain β
Here, we summarize the salient aspects of our method. The method
has been described in more detail in section 2.5.
The origin of the dips in the X-ray light curve of J1644+57 is
not known. Since the X-rays in this phase are primarily from the
jet (see section 1), the jet precession, by which the jet periodically
and partially can go out of the sight, might have caused these dips.
But it is clear from the data that diverse, irregular dips of the X-ray
light curve (Fig. 1) cannot match well with the regular modulations
expected from the pure jet precession. So, one extreme assumption
that X-ray dips were purely due to jet precession, cannot be cor-
rect. It has also been proposed that none of the dips were due to jet
precession (Stone & Loeb 2012). However, there is no guarantee
that this assumption (which is the other extreme) is correct either.
The complex dips could originate due to more than one physical
process, such as jet precession, intrinsic jet intensity variations due
to fluctuations of physical quantities, instabilities, effect of winds,
episodic jet activities and so on. In our method, unlike previous
works, we consider this general and realistic scenario. We neither
assume that dips were not at all due to jet precession (like in Stone
& Loeb 2012, which could be an unrealistic assumption), nor as-
sume that dips were entirely due to jet precession. We consider that
jet precession could contribute to dips.
If the jet precesses, it is expected to be inclined with respect
to the black hole spin axis. The amount of this inclination, i.e., the
angle β, would affect the extent of contribution of jet precession to
the X-ray dips. Therefore, an estimation of the extent of this con-
tribution would enable us to constrain the jet inclination angle β. In
order to achieve this, we first construct a theoretical jet precession
model (for three types of jet; section 2.4), and the corresponding
light curve. Then we identify two observed parameters, vis., frac-
tional amplitude and ratio (defined and described in sections 2.5.1
and 2.5.2) related to X-ray dips, and impose the minimum condition
for them to be due to the jet precession. From this bare minimum
requirement, we estimate the upper limit of the extent of contribu-
tion of jet precession to X-ray dips. From this upper limit, we find
an upper limit of β using our jet models (see section 2.5).
2.4 Theoretical jet models
We use the following three reasonably different jet models to show
the robustness of our results.
(a) Point–like jet: Here, similar to Lei et al. (2013), we assume
that the jet emission is constant within the opening angle θjet, and
falls off outside the jet (Fig. 2). The flux density at a frequency ν
and time t, for an observation angle (measured from the jet axis;
see Fig. 2) ψ(> θjet), is given as (Granot et al. 2002):
Fν(ψ, t) = D3Fν/D(0,Dt) (1)
where D = 1−B1−Bcos(ψ) and B =
√
1− 1
Γ2
. Assuming a t−p secular
trend of the light curve and a ν−α spectral shape (where we have
used two values of α, motivated by Saxton et al. (2012): 1.7 within
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θ jet and 2.8 outside θ jet ), the X-ray flux (F(ψ, t) = νFν(ψ, t)) be-
comes:
F (ψ, t) = D4−p+αF (0, t) (2)
The two values of α (1.7 and 2.8) are assumed to be the spectral
index values within the jet core and outer part, respectively. This
is motivated by the flux-resolved energy spectra from Saxton et al.
(2012), where a change of spectral index from 1.7 to 2.8 could be
observed as a function of the depth of the dips.
(b) Top–hat jet: In this case and in the following one, we as-
sume a homogeneous, geometrically and optically thin jet (Salafia
et al. 2015). Then:
F (ψ)
F(0)
=
∫ 2pi
0
∫ pi/2
0
(θ) sinθdθdφ
[1−B(cosθcosψ+sinθ sinφsinψ)]3+α(θ)∫ 2pi
0
∫ pi/2
0
(θ) sinθdθdφ
[1−Bcosθ]3+α(0)
(3)
where θ and φ are the spherical angles in the jet frame, and (θ) is
the energy emitted by the part of the jet comprised between θ and
θ+dθ, divided by the corresponding solid angle. (θ) is thus a quan-
tification of the intrinsic jet structure. Again, the spectral index α is
defined for within the jet core and outer part as follows (motivated
by Saxton et al. (2012)):
α(θ) =
1.7, for θ ≤ θ jet2.8, for θ > θ jet (4)
For the top–hat jet, (θ) (normalized to 1) can be taken as:
(θ) =
1, for θ ≤ θ jet0, for θ > θ jet (5)
Plugging equation 5 into equation 3, we get the off–axis flux for a
top–hat jet as a function of viewing angle ψ.
(c) Gaussian jet: Here, the intrinsic structure can be taken as
(Kumar & Granot 2003):
 (θ) ∝ e−(θ/θc)2 (6)
where we have assumed θc to be ∼ 1◦.
A comparison between off–axis emissions from these three
jets is given in Fig. 2 (lower panel).
2.5 Our method to constrain β
As indicated in section 2.3, we use the following two new methods
to estimate two upper limits of the jet inclination angle β for each
jet model. We then combine these two limits, separately for each
type of jets, to obtain an upper limit of β (Fig. 3).
2.5.1 Fractional amplitude method
If the jet is inclined and precesses, then a regular variation in the
observed X-rays is expected (sections 1 and 2.3). For a point–like
jet, such a modulation will happen only if the observation angle ψ is
greater than θjet during a part of the precession period (section 2.4;
Fig. 2). The maximum fractional depth of this modulation, viz.,
the fractional amplitude fd, can be expressed using our jet model
formulae (section 2.4) in the following definition:
fd = (F(0)−F(ψmax))/F(0). (7)
Here, ψmax is the maximum ψ value in a jet precession period. As
expected (and as found from our theoretical model) fd increases as
β and Γ increase. So, an upper limit of β can be obtained from an
observationally inferred upper limit of fd, when compared with the
model values for a lower limit of Γ. The value of Γ, as reported at
very early stages of this TDE, is 10 (Bloom et al. 2011; Burrows
et al. 2011; Lei et al. 2013). The Γ could decrease after this (similar
to the jets in GRB afterglow). So we assume that Γ=5.5 (following
Wang et al. (2014) and consistent with Lu et al. (2017)). While the
limit on the jet opening angle (θjet) is uncertain, all of the available
literature point towards θjet value of 5-6◦ (Bloom et al. 2011; Bur-
rows et al. 2011; Lei et al. 2013). We have thus chosen a reasonable
value of θjet = 6◦ for further analysis.
We consider a very general scenario that the X-ray dips could
have several origins at a time (including jet precession (see sec-
tion 2.3)) and hence several physical effects are possibly mixed in
the dips. Here we describe our method to estimate the upper limit
of fd (which is purely due to jet precession) from the observed X-
ray light curve. Let us first assume that the jet precession period, as
seen by the observer, is Tbox. Note that the intrinsic period Tprec is
related to Tbox by Tbox = (1+z)×Tprec, where z is the redshift. Then
the observed X-ray modulation (suppose, with the fractional ampli-
tude fd) due to the jet precession alone should repeat in every time
box of width Tbox in our data set. Hence a dip with the fractional
amplitude of at least fd should be present in each of these time
boxes, and this is a minimum condition (indicated in section 2.3)
for a ‘jet precession induced modulation’ with the fractional am-
plitude fd to be present. Therefore, we run a sliding time box of
width Tbox in the time window from tcirc till tthin in the X-ray data
(Fig. 1). We collect the fractional depth ( f obsd ) of the deepest dip
in each such box. Then we choose the minimum value ( f obs,mind )
from all the f obsd values. This means that every time box of width
Tbox has a dip with the fractional amplitude of at least f
obs,min
d , and
hence the jet precession could cause an X-ray intensity modulation
with the fractional amplitude f obs,mind . However, other physical ef-
fects (see section 2.3) could also contribute to this fractional ampli-
tude of f obs,mind partially or fully, and hence the measured f
obs,min
d
is the upper limit of fd. As mentioned in the previous paragraph,
we compare our model values for each type of jets with this upper
limit to estimate an upper limit of β.
This upper limit of β is for an assumed jet precession period
Tbox. Since we do not know the jet precession period (in case the jet
precesses), we repeat the above exercise for many Tbox values from
the range 5×104s to 2.5×106s to make our conclusion robust. Here,
the minimum box size was taken so to ensure at least 10 data points
in each of the boxes (for sufficient statistics), and the maximum box
size was selected so that we have sufficient number of sliding boxes
in our data set. Therefore, we get the upper limit of β as a function
of Tbox (blue curves in three panels of Fig. 3 for three types of jet).
2.5.2 Ratio method
In case of jet inclination and precession, in addition to fd, we de-
fine another parameter, ratio (R), in the following way. First, we
set a reference fractional flux level at k = F/F(0). Then we define
R = Nabove/Nbelow, where Nabove is the number of fractional flux
points above k, while Nbelow is the number of those below k. As
expected, and as found from our model calculations, R decreases
as β and Γ increase. So, an upper limit of β can be obtained from an
observationally inferred lower limit of R, when compared with the
model values for a lower limit of Γ (see section 2.5.1 for θjet and Γ
limit values).
Similar to the fd method (section 2.5.1), it is challenging to
observationally estimate the lower limit of R, because of plausi-
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ble multiple physical origins of X-ray dips at a time (section 2.3).
To achieve this, we use the similar general procedure mentioned
in section 2.5.1, as follows. For a specific Tbox value, we collect
the observationally estimated Nabove/Nbelow values (i.e., Robs) from
sliding boxes. For this, we use k = 0.73, so that for all time boxes
mentioned in section 2.5.1, k > F(ψmax)/F(0) (see Eq. 7). If the
modulation of the observed X-ray light curve were purely due to
jet precession, then the Robs values from all sliding boxes would be
the same (i.e., R) within the statistical errors. However, the plau-
sible additional contributions to the dips due to other physical ef-
fects (see above) would make the observational ratio Nabove/Nbelow
lower than R, and hence Robs ≤ R. This is a minimum condition
(indicated in section 2.3) for a ‘jet precession induced modulation’
with the ratio R to be present. Since, the maximum (Robs,max) of the
Robs values from all time boxes is the least affected by other phys-
ical effects, Robs,max is the observationally inferred lower limit of
R. As mentioned in the previous paragraph, we compare our model
values for each type of jets with this lower limit to estimate an up-
per limit of β. Repeating the same exercise for many Tbox values,
we get β as a function of Tbox (red curves in three panels of Fig. 3
for three types of jet).
Note that the upper limit of β increases (see both blue and
red curves of Fig. 3) for increasing Tbox, because wider time boxes
should have more larger dips, thus increasing the upper limit of the
observed fractional amplitude and decreasing the lower limit of the
observed ratio. Applying the fd method and the R method jointly,
we get a general upper limit of β (the upper limit of the common
area under the two curves in each panel of Fig. 3).
2.5.3 Special case: LT precession
The results of sections 2.5.1 and 2.5.2 are for any general direction
of the jet and any general jet precession frequency. Let us now con-
sider a special case, where the jet is attached to a tilted accretion
disc, and hence is precessing with the LT frequency. In this case,
Tbox = TLTprec, where T
LT
prec is the LT precession time period.
As opposed to the simple and commonly used expression of
TLTprec (e.g., in Stone & Loeb 2012), which is valid only for very
small values of the dimensionless black hole Kerr or spin param-
eter a, here we use the fully general relativistic (GR) expression.
This is calculated by putting the full GR expressions of related
quantities from Kato (1990); Chakraborty & Bhattacharyya (2017);
Chakraborty et al. (2017) into the TLTprec defined in Liu & Melia
(2002). If τ is the torque on the precessing tilted accretion disc
(tilted at an angle β) and J is its angular momentum (Liu & Melia
2002; Fragile et al. 2007), the Lense-Thirring precession time pe-
riod is given by
TLTprec = 2pisinβ
J
τ
. (8)
The TLTprec, thus calculated, depends on the following parameters.
(1) Surface density profile: we use the phenomenological surface
density profile Σ = Σi (r/ri)−ζ with ζ = 1. (2) Inner and outer edge
of accretion disc: we fix the inner radius (ri) of the accretion disc
at the innermost stable circular orbit (ISCO) of the Kerr black hole
(Bardeen et al. 1972), and the outer radius (ro) at the tidal disrup-
tion radius (RT) or twice the pericentre distance (Rp) (Stone & Loeb
2012; Tchekhovskoy et al. 2014). (3) Mass (MBH) and Kerr param-
eter (a) of the SMBH: we use MBH = 106M, and thus we can
have a one-to-one correspondence between Tbox and a. The full ex-
pression of TLTprec cannot be expressed analytically, and is therefore
numerically computed.
Using the the relation between Tbox and a, we express the up-
per limit of β as a function of a (see the upper x-axis of Fig. 3).
2.6 A method assuming the jet precession does not
contribute to dips
If we make the following assumptions (similar to Stone & Loeb
(2012)):
(1) The jet precession does not contribute to X-ray dips observed
from J1644+57 in 44 days (between tcirc ∼10 days and tthin ∼ 54
days).
(2) The jet is inclined with respect to the black hole spin axis, it
is aligned with the accretion disc angular momentum vector, and
precesses with the LT precession frequency of the disc.
(3) The jet is like our point-like jet (section 2.4), for which the
emission intensity is constant within the jet opening angle.
Then we can get an optimistic constraint on β (Fig. 4).
Note that Stone & Loeb (2012) assumed that the precession
of the point-like jet did not contribute to X-ray dips observed from
J1644+57 in 14 days. This choice was probably made due to the
unavailability of long-term data at that time. As we argued earlier
(section 2.3), we cannot rule out such a contribution at this time.
We, on the other hand, have not made any of these assumptions
(sections 2.5.1 and 2.5.2). We have modelled the X-ray data and
considered three different types of jets to estimate an upper limit of
β. But if we do make such assumptions, we can put a much more
stringent upper limit on β, as we consider more X-ray data (44 days
instead of 14 days; see Fig. 4).
3 DISCUSSION
In this paper, we report a new method to estimate the upper limit of
the jet inclination angle β with respect to the black hole spin axis.
We apply this method to the jetted TDE J1644+57. The main ad-
vantage of this method is that one does not have to make extreme,
and plausibly unrealistic, assumptions, such as (1) the contribution
of a likely jet precession to observed X-ray dips is nil; or (2) a
jet precession is the sole cause of X-ray dips. Rather, our method
considers a very general scenario that a jet precession could some-
what contribute to the observed X-ray dips. So we do not need to
assume an origin of the observed X-ray dips. We simply estimate
the upper limit on the extent of the contribution of jet precession
to these dips, by imposing two minimum conditions on two param-
eters of the modulation due to jet precession: fractional amplitude
(section 2.5.1) and ratio (section 2.5.2). Note that, while the first
parameter serves as a proxy for the depth of the modulation, the
second parameter serves as a proxy for the shape of this modula-
tion. From the above mentioned limit on extent, we find that β is
very likely to be less than ∼ 15◦ (Fig. 3). This conclusion does not
depend on any particular type of precession (e.g., LT precession)
and any specific value of precession frequency, and also remains
same for different types of jets. All these make our method more ro-
bust (e.g., relative to that of Stone & Loeb (2012); see section 2.6),
and general enough for application to other similar systems, such
as jetted TDE lightcurves for different wavelengths of observation,
and potentially for non-jetted TDEs. Note that, even though we are
unable to estimate a β upper limit for Tbox > 2.5× 106 s, an up-
per limit of ∼ 15◦ is indicated by the extrapolation of the almost
horizontal blue curves in Fig. 3.
Some of the parameters in the jet models used in this work are
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somewhat poorly constrained. However, the choices of the parame-
ter values are backed up by the available literature on J1644+57.
The main plausible sources of uncertainties and how they were
dealt with, are as follows. In this work, the errors on the flux values
in the X-ray light curve were not considered, as they are typically
very small. We further investigated two additional sets of ratio be-
tween the data and the best-fit t−p model of the light curve: the
upper and lower edges of the error envelope of the detrended light
curve. The resultant change was found to be very small. We have
also checked that the small uncertainty in powerlaw index (p) in
the t−p model of the light curve, affects the final result negligibly.
Hence, we neglect this uncertainty. Additionally, we have used two
values of the spectral index α in all the jet models, as seen in eq. 4
of section 2.4. In order to check how the α values affect our re-
sults, instead of assuming a step function, we have also tested with
two extreme values of α: α=1.7 throughout, and α=2.8 throughout.
Comparing the results from either of these two cases with with our
original jet models (section 2.4), we found that the differences are
negligibly small. Furthermore, although the values of the jet open-
ing angle (θ jet) and bulk Lorentz factor (Γ) are somewhat uncertain
and can induce systematic uncertainty in the result, the justification
of the choices of these values have been elaborated in section 2.5.1.
Finally, for the Gaussian jet, the characteristic angle θc is not a di-
rectly measurable quantity, and is therefore unconstrained. In this
work, we have used a typical value of 1◦. However, we have also
checked with θc = 2◦, and found that the upper limit of β does not
change much.
If the jet aligns with the angular momentum vector of an in-
clined precessing (due to the LT effect) accretion disc, then a β
upper limit is also the upper limit of the disc inclination with re-
spect to the black hole equatorial plane. In case the disc inclination
angle is equal to the inclination angle (β∗) of the initial orbit of the
disrupted star for J1644+57; our finding implies that β∗ is less than
∼ 15◦. This would have implications for understanding the angular
distribution (with respect to the SMBH’s spin equatorial plane) of
stellar motion near the SMBH’s sphere of influence.
We note that, whatever physical reason determines the jet di-
rection, our finding of a small, well-constrained upper limit of jet
inclination angle with respect to the black hole spin axis could be
useful to probe that physical origin. Such an understanding of the
jet physics can be useful not only to study jetted TDEs, but also
to probe any jetted accreting system. Finally, we mention that the
black hole spin axis could itself be inclined with respect to a plausi-
ble black hole spin-precession axis, and in such a case the inferred
upper limit of the jet inclination angle could be with respect to the
latter axis.
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Figure 3. A panel shows our results for a particular type of jet: top panel:
point–like jet; middle panel: top–hat jet; and lower panel: Gaussian jet (sec-
tion 2.4). Each panel shows our estimate of the upper limit of the jet inclina-
tion angle β as a function of the jet precession period Tbox (see section 2.5).
The upper x-axis shows the black hole spin parameter, only if the jet preces-
sion is due to the Lense-Thirring effect. The blue and red curves are upper
limits of β from the fractional amplitude method (see section 2.5.1) and the
ratio method (see section 2.5.2), respectively. The common area under these
two curves, where both the upper limits are simultaneously valid, gives the
allowed values of β. It is evident from the plots for all jet types that the value
of β is low, and hence the jet axis is close to the black hole spin axis. The
vertical dashed black line corresponds to a plausible 2.7 days jet precession
period (guessed from a QPO observed with this period; see section 1).
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Figure 4. Upper limit of the jet inclination angle β as a function of the black
hole Kerr parameter a for J1644+57. This method assumed that none of the
observed dips in the Swift XRT light curve of J1644+57 were due to the
precession of the jet in 14 days (Stone & Loeb 2012) and in 44 days (this
work; see section 2.6). For each curve, the parameter space to the left of the
curve is allowed. It can be seen that the more extended data coverage of this
paper gives more stringent constraints on β for a given a (see section 2.6).
The black horizontal line corresponds to the jet opening angle of 6◦, and this
plot uses the LT precession time period formula discussed in section 2.5.3.
However, this plot requires several assumptions (following Stone & Loeb
2012), which may not be entirely reasonable (section 2.6).
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